We have constructed a genetic linkage map of the edible basidiomycete Pleurotus ostreatus (var. Florida). The map is based on the segregation of 178 random amplified polymorphic DNA and 23 restriction fragment length polymorphism markers; four hydrophobin, two laccase, and two manganese peroxidase genes; both mating type loci; one isozyme locus (est1); the rRNA gene sequence; and a repetitive DNA sequence in a population of 80 sibling monokaryons. The map identifies 11 linkage groups corresponding to the chromosomes of P. ostreatus, and it has a total length of 1,000.7 centimorgans (cM) with an average of 35.1 kbp/cM. The map shows a high correlation (0.76) between physical and genetic chromosome sizes. The number of crossovers observed per chromosome per individual cell is 0.89. This map covers nearly the whole genome of P. ostreatus. Downloaded from FIG. 2. Linkage map of P. ostreatus. Linkage groups are numbered in accordance with the molecular size of the corresponding chromosome (in protoclone PC9) revealed by PFGE (32).
Pleurotus ostreatus (oyster mushroom) is an edible mushroom that occupies the second most important position in the world mushroom market, led by the button mushroom Agaricus bisporus (5, 49) . Besides its importance for food production, P. ostreatus is interesting for applications such as paper pulp bleaching, cosmetics, and the pharmaceutical industry. These different applications have fueled research on specific aspects of Pleurotus biochemistry and molecular biology (4, 8, 20, (31) (32) (33) (34) 42) .
Despite its economic importance, only a limited number of genetic studies of P. ostreatus have been done because of the difficulty in performing directed crosses between strains, contradictory data about the size and organization of its genetic material, and the lack of a genetic linkage map for it. Moreover, breeding of new P. ostreatus strains with a higher agricultural or industrial value has been traditionally carried out by trial and error because of the aforementioned reasons (2) .
In order to facilitate the design of programs aimed to improve the strains currently available, it is important to increase our knowledge of the genome organization of this fungus. However, the study of the organization of the P. ostreatus genome has been hampered by the small size of fungal chromosomes and by the occurrence of intranuclear mitosis (15) . Different authors have reported different chromosome numbers for this species (15, 41, 51) , and only recently has this number been determined using pulsed-field gel electrophoresis (32) . This species contains 11 chromosomes that account for a total genomic size of about 35.1 Mbp per haploid genome. Furthermore, chromosome length polymorphisms occur between the homologous chromosomes present in each of the two nuclei in the dikaryon. Electrophoretic separation of P. ostreatus chromosomes allowed the physical mapping of some genes or phenotypic markers on specific chromosomes (for instance, the A mating locus physically mapped on chromosome III and the B locus was on chromosome IX) (32) .
The use of molecular markers combined with the construction of linkage maps is a potent strategy for designing breeding strategies and for attempting positional cloning of genes of interest. Linkage maps are available for some filamentous fungi such as Bremia lactucae (24) , Cochliobolus heterostrophus (58) , Aspergillus niger (16) , Cladosporium fulvum (3), Magnaporthe grisea (54) , Phytophthora sojae (62) , and Fusarium moniliforme (Gibberella fujikuroi) (64) . Among basidiomycetes, however, genetic linkage maps are scarce: a restriction fragment length polymorphism (RFLP)-based map of the white rot fungus Phanerochaete chrysosporium strain ME446 (44) and two linkage maps of the button mushroom A. bisporus have been published (13, 28) . The linkage relationship between 19 allozyme-encoding loci in P. ostreatus was described by May et al. (35) .
Random amplification of polymorphic DNA (RAPD) is a PCR-based strategy for the generation of molecular markers (RAPD markers) (63) suitable for the construction of linkage maps. RAPD markers show a dominant genetic behavior and are prone to be highly influenced by the reaction's environmental conditions. To overcome these difficulties, they can be converted into more robust markers, such as RFLPs, which uncover the occurrence of heterozygotes in a segregating population. The bulked segregant analysis strategy (37) can be used as a complementary tool because it allows the generation of RAPD markers genetically linked to characters of interest. This approach has allowed the identification of markers linked to the A and B mating factors of P. ostreatus and the study of their flanking regions (31, 45) .
In this paper, we present a genetic linkage map of the edible and white rot fungus P. ostreatus based on RAPD and RFLP markers, phenotypic characters, and cloned genes. The number of genetic linkage groups obtained agrees with the number of chromosomes described by our group in this fungus (32) . This is, to our knowledge, the first linkage map constructed for this species.
MATERIALS AND METHODS
Fungal strain and culture conditions. P. ostreatus strain N001 has been previously described (31, 32, 42) and corresponds to the commercial variety Florida. The two nuclei present in it have been previously separated by de-dikaryotization (32) , and the two corresponding protoclones (monokaryons carrying only one of the nuclei present in dikaryon N001) are in the Spanish Type Culture Collection (PC9 [CECT20311] and PC15 [CECT20312]). Culture techniques were performed as previously described by Larraya et al. (31) .
Molecular techniques.
For the generation of RAPD markers, 10-mer oligonucleotides belonging to the L, P, R, and S Operon series (Operon Technologies Inc., Alameda, Calif.) were used as primers. Amplification reactions were carried out in a PTC-200 (Peltier Thermal Cycler; MJ Research, Watertown, Mass.) using the following program: 4 min of denaturation at 94°C, followed by 39 cycles of 1 min of denaturation at 94°C, 1 min of annealing at 37°C, and 1.5 min of extension at 72°C. After the 39 cycles, an additional extension step of 2 min at 72°C was performed. A total of 80 different oligonucleotides were initially evaluated as primers for the generation of RAPD markers using (as the template) genomic DNA purified from dikaryon N001 and from 10 monokaryons belonging to the mapping population, and a set of 59 was finally used to carry out the RAPD reactions with the 80 members of the mapping population because they provided good-quality, reproducible polymorphic profiles. Faint bands were discarded even though they showed polymorphism. For the RFLP analysis, different restriction enzymes were used to digest genomic DNA (see Table 1 ). In order to identify the enzymes yielding polymorphic restriction patterns, DNAs purified from the dikaryon and from protoclones PC9 and PC15 were digested with the restriction enzymes and probed with the corresponding digoxigenin-labeled probe (Boehringer Mannheim, Mannheim, Germany) (23) . Only those enzymeprobe combinations detecting polymorphisms were used for segregation analysis of the population of 80 monokaryons. Isolation of genomic DNA suitable for chromosome separation by pulsed-field gel electrophoresis (PFGE) was performed as described by Sonnenberg et al. (55) . Preparation of protoplasts of N001, PC9, and PC15; PFGE conditions appropriate for the separation of P. ostreatus chromosomes; and blotting of PFGE-separated chromosomes onto the appropriate membranes were performed as previously described by Larraya et al. (32) . Other molecular protocols were performed as described elsewhere (31, 52) .
Markers used for construction of the linkage map. (i) DNA-based markers. Four different types of DNA-based molecular markers were used as input data: RAPD markers, selected RAPD markers converted into RFLP markers, other cloned DNA sequences used as RFLP markers, and a repetitive DNA sequence. The DNA sequences used as RFLP markers included anonymous sequences from P. ostreatus strain N001 (markers R3 and Hon2) and from Somycel strain 3200 (O3 and O17, kindly provided by the Mushroom Experimental Station, Horst, The Netherlands), a sequence corresponding to a portion of the rRNA gene (rDNA) from Saccharomyces carlsbergensis (probe Rib) (60), and eight coding genes (four hydrophobin [42] , two laccase [19, 20] , and two manganese peroxidase [G. Sannia, unpublished data] genes). An additional DNA-based marker (rXhoI) suitable for mapping was identified when the genomic DNA was fully digested with restriction enzyme XhoI; it appeared as a pair of repetitive DNA bands showing different sizes and an allelic behavior.
(ii) Isozyme markers. Several isozyme systems were studied for the identification of segregating alleles suitable as entries in the construction of the linkage map. Most revealed polymorphism and was finally used. Total protein fractions were prepared as described by Roux and Labarère (48) . Protein fractionation was performed using nondenaturing polyacrylamide gel electrophoresis, and the different enzymatic systems were developed using specific staining protocols described elsewhere (53, 59) .
(iii) Phenotypic markers (mating factors). The mating type of each one of the monokaryons forming the mapping population was determined using four mating testers specific for P. ostreatus N001 as previously described (31) .
Data analysis and linkage mapping. The mapping population consisted of a haploid progeny of 80 monokaryons derived from P. ostreatus N001 spores. These monokaryons correspond to single spore colonies developed during 5 days after the spores were placed under germinating conditions. The status of each one of the markers (molecular, isozyme, and phenotypic) used to construct the map was scored in each one of the members of the mapping population. The monokaryotic (haploid) nature of the members of this population allows the application of a backcross model for handling data. This is especially relevant considering the dominant behavior of the RAPD markers that, under these conditions, can be used directly for mapping. Analysis of linkage between markers, estimation of recombination frequencies, determination of the linear order of loci, including multipoint linkage analysis and the expectation maximization algorithm used for handling missing data, were performed as described by Ritter et al. (46) and by Ritter and Salamini (47) using the MAPRF program (22) .
The mean likelihood odds ratio per marker interval was 17.2. In a first step of the linkage grouping, a maximum recombination frequency of 20% between any two or more markers was used as the threshold for the establishment of linkage groups. This value corresponds to a likelihood odds ratio of 6.7. In a second step, linkage subgroups were connected and far distant markers were assigned to linkage groups as described by Ritter and Salamini (47) . In these last cases, linkage always was determined with an ␣ error smaller than 5% to at least one of the markers present in an already existing 2 -based linkage group. The linkage groups were numbered in accordance with the numbers previously assigned to the chromosomes resolved by contour-clamped homogeneous electric field analysis (32) . Chromosomes were numbered in accordance with their molecular sizes in protoclone PC9, from the largest (chromosome I) to the smallest (chromosome XI).
RESULTS
Polymorphism analysis. The genetic polymorphisms detected by the different markers in the P. ostreatus mapping population are summarized in Table 1 . When 59 selected oligonucleotide primers (see Materials and Methods) were used, an average of 12.1 RAPD bands per primer were amplified and about 25% of them displayed segregation in the mapping population. In a second selection step for mapping-suitable markers, between one and seven (average of three) RAPD bands per primer were finally used for the mapping analysis. This produced a total of 178 RAPD markers for linkage analysis. Most of them displayed presence-absence polymorphism in the progeny, although 12 codominant markers were also detected (L10 2175 and L10 2925 , P9 1400 and P9 1500 , R6 1525 and R6 1550 , R10 2100 and R10 225 , R12 1475 and R12 1500 , and S16 1250 and S16 1275 ).
Twenty-six RAPD markers preliminarily placed in different linkage groups were cloned to be used as probes to detect RFLP polymorphisms associated with them and to determine the correlation between the linkage map and the P. ostreatus molecular karyotype by hybridization on PFGE-separated chromosomes ( Table 1 ). All of the DNA probes revealed polymorphisms with at least one of the restriction enzymes used.
Out of the 26 probes tested, 7 highlighted high-copy-number DNA sequences and were discarded as RFLP markers for linkage analysis (Table 1 ). These probes hybridized to several P. ostreatus PFGE-resolved chromosomes (data not shown). Restriction polymorphisms were also detected when probes corresponding to cloned genes were used on DNA digested with the enzymes indicated above. In every case, the probes detected single-copy DNA sequences and some of the probes were also used for hybridization on chromosomes separated by PFGE (Table 1) .
When the products of a complete digestion of genomic DNA with some restriction enzymes are separated by electrophoresis, a pattern of stronger DNA bands can be distinguished against the background corresponding to the digestion products in the electrophoresis lane. These stronger bands correspond to the high concentration of specific restriction fragments produced by digestion of DNA sequences present in high copy number in the genome. When P. ostreatus genomic DNA purified from dikaryon N001 and from the monokaryons of the mapping population were digested with restriction enzyme XhoI, it was observed that two stronger bands present in dikaryon N001 behaved as alleles in the mapping population ( Fig. 1 ). These bands were considered an additional marker (marker rXhoI) and were used as input in the linkage analysis ( Table 1) .
The mating type genes of each one of the monokaryons were determined by crossings with the corresponding mating testers. For the A mating type gene, two allelic forms were segregating in the population (A1 and A2), whereas for mating type B genes, four haplotypes were obtained (B1, B2, B3, and B4). Two of them (B1 and B2) corresponded to those present in dikaryon N001, and the other two (B3 and B4) appeared as a result of recombination between the two linked mating subloci (matB␣ and matB␤).
Linkage mapping. In order to carry out the linkage analysis of the 196 markers, the MAPRF (22) software was used as described by Ritter et al. (46) and by Ritter and Salamini (47) . Only 7 out of the 196 markers described in the previous section could not be assigned to any linkage group ( Table 1) . The remaining 189 markers were assigned at a confidence level of at least 95% to 11 linkage groups ( Table 2 . Linkage group length varied between 33.8 (LG X) and 178.7 (LG III) cM, with an average of 91 cM per group. They clustered between 10 (LG XI) and 25 (LGIII) markers per group, with an average of 17.2 markers per linkage group. The average marker interval was also quite variable; a nearly threefold difference between the maximum (7.5 cM in LG III) and minimum (2.6 cM in LG X) intervals was observed. A total of 26 mapped markers exhibited distorted segregation ratios; 21 of them mapped in contiguous regions located on linkage groups III, IV, and IX. Table 1 . RFLP markers derived from cloned RAPD markers cosegregated with the corresponding RAPD markers, with the exception of marker P2 725 , which showed an RFLP pattern different from that expected in 1 out of the 80 monokaryons of the mapping population. On the other hand, RAPD marker L8 575 , used as an RFLP probe, revealed hemizygosis for this locus. This RFLP marker was present in only protoclone PC9 and gave a hybridization signal in only one-half of the monokaryotic progeny of dikaryon N001. The DNA probe corresponding to marker Rib cosegregated with and had the same molecular size as marker rXhoI, which was identified as a high-copy DNA fragment evident upon digestion of P. ostrea- tus genomic DNA with XhoI. Both A and B incompatibility mating type genes were also mapped. They were located on different chromosomes. The A mating type locus was on linkage group III, and the B locus was on linkage group IX. Furthermore, the two subloci (matB␣ and matB␤) of the B locus were 19 cM apart, the matB␤ sublocus being proximal to the closest telomere (Fig. 2) . Hybridization of selected RFLP probes on P. ostreatus PFGE-resolved chromosomes. Most of the RFLP markers derived from RAPD markers and some of those corresponding to cloned genes were used as probes for Southern hybridization on P. ostreatus PFGE-separated chromosomes in order to determine their physical locations and to correlate the linkage map described here and the molecular karyotype of P. ostreatus (32) . A total of 27 probes were used to assign unequivocally each linkage group to each one of the 11 chromosomes of this fungus ( Table 1 ). In any case, two or three markers per linkage group were tested and no translocations were detected. In some cases, it was possible to assign one group's distal end to a chromosome (L18 2175 on chromosome I, L8 575 on chromosome IV, poxC on chromosome VI, and R8 300 on chromosome VIII) and, in some cases, RAPD markers corresponding to the linkage group's two ends were hybridized (markers L15 626 and S7 1200 for linkage group V). Finally, molecular markers genetically linked to the mating factors were also physically mapped on PFGE-separated chromosomes.
Map locations of the different markers used. The characteristics and map locations of the markers are summarized in

DISCUSSION
In this paper, the construction of a linkage map based on the segregation analysis of a population of monokaryons is presented. The haploid nature of fungal monokaryons makes the analysis of segregation patterns similar to that obtained for the study of a backcross population in a diploid organism. The use of haploid populations as starting points in the construction of linkage maps has been previously reported for conifers (57) using megagametophytes and for the honeybee (Apis mellifera) (25) using drones as mapping populations. In the case of fungi, monokaryons have been occasionally used as tools for the mapping of genes of interest in P. chrysosporium (18) .
The map described in this paper is based mainly on RAPD markers. Problems related to the reproducibility of this type of molecular marker, as well as the comigration of equally sized DNA fragments, have been frequently reported in the literature (10) . However, the RAPD method has been proven to be simple, fast, and reliable for the identification of polymorphisms in many organisms and for the construction of linkage maps (7, 9, 12, 14, 21) . Furthermore, it was found that error rates were similar when mapping was based on RAPD and on simple sequence repeats as markers (25) . The reliability of RAPD segregation has been tested by different authors who converted the resulting markers into more stable and usually codominant markers such as SCAR (40) or RFLP (11) . Some RAPD markers were used as probes for RFLP analysis in the construction of a P. ostreatus linkage map, and the corresponding RFLP markers cosegregated, in all cases but one, with the RAPD markers they proceeded from. The exception was marker P2 725 , which cosegregated with the corresponding RAPD marker, keeping the coupling phase in all but one of the monokaryons in the segregating population. This result can be explained by the occurrence of a crossover event between the DNA region amplified in the RAPD marker and one of the restriction sites flanking the RFLP marker in this specific monokaryon.
The level of polymorphism, as estimated by the average number of segregating markers per RAPD primer, was 3.0 in P. ostreatus. This value is higher than those found in other organisms, such as the honeybee A. mellifera (polymorphism level, 2.8) (25) and Tribolium castaneum (polymorphism level, 1.5) (7), whose linkage maps were based on markers of this type. Kerrigan et al. (28) reported a mean number of useful polymorphisms per primer of 4.2 in a linkage map of the button mushroom A. bisporus, based partially on RAPD markers. In order to compare this value with the polymorphism reported here for P. ostreatus, it should be taken into account that most of the oligonucleotide primers used by Kerrigan et al. did not reveal polymorphisms (23 out of 28) and only a limited number of them (5 out of 28) generated useful polymorphic RAPD markers.
Most of the markers used in the construction of this map showed normal segregation. However, distorted segregation was observed in 14% of them (markers labeled with an asterisk in Fig. 2) . This percentage is similar to that found in the pathogenic fungus C. heterostrophus (16.4%) (58), the melon Cucumis melo (14.5%) (61), or the rainbow trout Oncorhynchus mykiss (13.3%) (65); higher than the value found in the lettuce plant Lactuca sativa (9.0%) (29) ; and considerably lower than that found in the button mushroom A. bisporus (32.8%) (28) . Skewed markers mapped primarily to chromosomes III, IV, and IX, and the most prominent distorted group was that mapping to chromosome IV, where all of the markers but those mapping to one extreme of the linkage group showed skewed segregation. It is noteworthy that chromosome IV shows, on average, less than one crossover event per chromosome (Table 2) , and this fact can be related to the distortion observed (see below). Distortions associated with linkage groups III and IX, on the other hand, have special interest because A and B mating type genes map to these two chromosomes, respectively. In order to explain the distorted segregation, the following hypotheses can be put forward: (i) the nonrandom segregation of mating type genes can drive a skewed segregation of the markers linked to them; (ii) differ- ences in viability, germination, or vegetative growth rate associated with different mating haplotypes may have caused preferred selection of some genotypes when the mapping population was established; and (iii) balancing selection on mating types can at least transiently counteract some negative selection on loci linked to the mating type (while the disequilibrium persists). The effect of negative selection against slowly germinating spores has been previously discussed by Eger (17) in P. ostreatus var. Florida, by Kerrigan et al. (28) in A. bisporus, and by Mitchell-Olds (38) in Arabidopsis thaliana.
Although recombination rates would vary in different crosses, we can estimate the average ratios of physical to genetic distances in P. ostreatus. The importance of these data resides in the possibility of undertaking map-based strategies for the cloning of genes in this species. The haploid genome size of P. ostreatus has been estimated to be 35.1 Mbp (32) , and the total recombination size estimated in this study is 1,000.7 cM. The ratio of these two measurements is 35.1 kbp/cM, with values ranging from 24.4 to 60 kbp/cM (chromosomes XI and IV, respectively; Table 2 ). The average ratio is similar to that found in the filamentous fungus F. moniliforme (32 kbp/cM) (64), although higher (B. lactucae, 25 kbp/cM [24] ; C. heterostrophus, 23 kbp/cM [58] ) and lower (P. chrysosporium, 59 kbp/cM [44] ) ratios were found. We have used the procedure described by Hunt and Page (25) to estimate the theoretical number of crossovers per chromosome as the result of the ratio of the genome's total linkage size to the product of the chromosome number multiplied by a constant factor of 50 cM. According to this estimation, an average of 1.8 crossovers per chromosome would be expected in P. ostreatus. We have found, however, that the actual average number of crossovers (calculated by the MAPRF program), 0.89, is much lower in our linkage analysis (range, 0.34 [chromosome X] to 1.75 [chromosome III]) ( Table 2 ). This value agrees with the 0.96 previously reported for F. moniliforme (64) but is higher than that found by Kerrigan et al. (28) in A. bisporus. Control of the number of crossovers per chromosome has been studied in different fungi, and in some cases, the existence of a mechanism by which small chromosomes undergo reciprocal recombination at rates (expressed in centimorgans per kilobase pair) higher than those of large chromosomes has been described (27) . Our data do not support this type of control in P. ostrea-tus. Control of the number of crossovers per chromosome has been considered a method by which to ensure the occurrence of at least one crossover event per chromosome per cell, and this event is required for proper chromosome disjunction during meiosis (6) . The data presented in Table 2 indicate that basidia in which less than one crossover per chromosome occurs are frequent, and how this fact affects the accuracy of meiotic product sorting has not been studied in P. ostreatus up to now.
The amount of repetitive DNA present in the P. ostreatus genome has not been accurately estimated. The short oligonucleotide primers used in RAPD analysis have a general tendency to amplify segments of repetitive DNA because palindromic sequences are more highly represented in such regions (63) . Therefore, Kesseli et al. (29) , Antolin et al. (1) , and others have observed a nonrandom clustering of RAPD loci amplified by the same primer. Most of the RAPD markers used in this mapping corresponded to nonrepetitive DNA sequences. Out of 26 randomly selected RAPD markers converted into RFLP markers, 19 behaved as single-copy sequences. This suggests that the amount of repetitive DNA in the P. ostreatus genome should be small. An interesting polymorphism based on repetitive DNA was found when the restriction enzyme XhoI was used to digest total genomic DNA: marker rXhoI cosegregated with, and had the same size as, RFLP marker Rib, which corresponds to a highly conserved sequence coding for an rDNA fragment of S. carlsbergensis. Taking into account the high evolutionary conservation of these sequences, we believe that probe Rib highlights an rDNA region in the genome of P. ostreatus. Markers Rib and rXhoI mapped to chromosome II, and this chromosome showed 15% length polymorphism when the two homologous chromosomes present in protoclones PC9 and PC15 were compared (32) . Length polymorphisms in chromosomes carrying rDNA genes have also been reported in other organisms, such as Ustilago hordei (36) , Cladosporium fulvum (56) , Candida albicans (26, 50) , Leptosphaeria maculans (39), S. cerevisiae (50) , and A. bisporus (55) , and they have been associated with differences in rDNA copy number (43, 55) . The difference in size between the two bands of repetitive DNA revealed by marker rXhoI is approximately 200 bp (Fig. 1) , and the total length difference in chromosome II between PC9 and PC15 is 0.7 Mbp. In this context, 3,500 copies of this repetitive sequence would account for the chromosome size difference observed. This copy number is too high for rDNA genes, and consequently, size differences in marker rXhoI can be only partially responsible for the chromosome size difference.
The linkage map presented here shows a good correlation with the molecular karyotype of P. ostreatus (32) . Different RAPD probes converted into RFLP probes hybridized in the corresponding chromosomes, indicating that no translocation events have occurred. The high correlation (r ϭ 0.76) between physical size (megabase pairs) and recombinational size (centimorgans), an even higher correlation (r ϭ 0.81) between physical size and the number of markers per chromosome, and the reduced number of unassigned markers suggest that this linkage map covers nearly the whole genome of P. ostreatus.
The availability of a genetic linkage map for P. ostreatus opens the possibility of addressing basic and applied questions such as those related to the syntheny of markers between P. ostreatus strains and between different species, analysis of the molecular basis for the chromosome length polymorphisms that exist and their fate through the meiotic cycle (66), mapping of quantitative trait loci and study of the genetic control of these polygenic characters. Moreover, mapping of quantitative trait loci would help in marker-assisted selection of eco- nomically important aspects, such as growth rate; different components of yield, such as number of flushes; number and average weight of mushrooms; and tolerance of pathogens, among others. The relatively small genome of P. ostreatus and the possibilities of classical genetic manipulation of this fungus make it an interesting model organism for breeding studies of edible basidiomycetes.
